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PREFACE 

This  is  the  fifth  Conference  in  a  series  in  which  three  have  been  held  at 
Meersburg,  in  the  Federal  German  Republic  (1965,1967  and  1974)  and  one  at  Elve- 
tham  Hall  in  Hampshire,  U.K.  (19  70).  These  earlier  conferences  were  sponsored 
by  Cornier  System  GmbH  acting  on  behalf  of  the  Federal  German  Ministry  of  Defence 
and  by  the  (J.K.  Ministry  of  Defence  (Procurement  Executive).  The  Materials  De¬ 
partment  of  the  Royal  Aircraft  Establishment,  Famborough,  co-ordinated  the  U.K. 
effort  and  undertook  the  production  of  the  Proceedings:  Andrew  Fyail  and  Roy 
King  were  Editors.  Not  all  the  Conferences  in  this  series  have  had  the  same  ti¬ 
tle.  Early  ones  were  predominantly  about  liquid  impact  and  rain  erosion,  but 
inevitably  the  scope  extended  to  include  "associated  phenomena".  In  this  Meeting 
it  was  decided  to  give  approximately  equal  time  to  the  major  topics  of  liquid 
impact,  solid  impact  and  cavitation  erosion. 

The  response  to  the  "call  for  papers"  was  extremely  encouraging.  Over 
100  synopses  were  submitted,  and  of  these  30  were  highly  recommended  by  the 
Referees;  the  remainder  frequently  contained  excellent  material  but  were  thought 
to  be  peripheral  to  the  main  themes  of  the  Conference.  With  30  many  good  papers 
the  Conference  Coimnittee  decided  to  exoand  what  was  planned  to  be  a  three  day 
Meeting  into  a  four  day  one.  The  final  programme  is  likely  to  have  about  75 
papers,  and  the  Committee  are  delighted  that  almost  every  group  actively  engaged 
in  erosion  research  is  likely  to  be  represented. 

The  Committee  felt  strongly  that  every  effort  should  be  made  to  have  the 
Proceedings  available  at  the  time  of  the  Conference.  This  meant  asking  for 
"camera-ready"  papers.  We  are  most  grateful  to  the  Authors  for  preparing  their 
papers  in  this  way  and  keeping  to  suggested  deadlines.  At  the  time  of  writing, 
it  looks  as  if  all  but  a  very  few  will  be  included  in  the  Proceedings.  Since 
this  volume  will  be  an  important  and  up-to-date  record  of  erosion  research,  extra 
copies  are  being  prepared.  It  will,  therefore,  be  possible  for  individuals  and 
libraries  to  purchase  further  copies. 

The  Authors  have  been  allocated  lecture  times  of  10,15  or  20  minutes.  The 
Committee  have  emphasised  to  Authors  that  this  does  not  reflect  their  opinions 
of  the  likely  quality  of  the  paper,  but  are  simply  times  expected  for  adequate 
delivery  of  the  subject  matter.  Authors  have  been  given  the  opportunity  to  ask 
for  an  increased  time  allowance.  What  this  means  is  that  the  times  allowed  in 
the  final  programme  have  been  agreed  by  tbe  Authors.  Session  Chairmen  we  feel 
will  be  reinforced  by  this  and  will  act  firmly  and  fairly  to  ensure  me  success¬ 
ful  running  of  the  Conference. 

we  are  grateful  to  Professor  David  Tabor  for  acting  as  Conference  Chairman. 
His  now  classic  work  with  the  late  Professor  Bowden,  on  Friction  and  Lubrication 
involved  pioneer  work  on  contact  stress,  hardness,  elastic  deformation  and  sur¬ 
faces;  all  are  major  themes  in  the  present  Conference.  The  Committee  would  like 
to  express  their  appreciation  to  the  International  Advisors  for  their  help  in 
publicising  the  Meeting  and  for  their  valuable  advice  at  all  stages  of  the  olan- 
ning  of  the  Conference.  I  would  like  to  thank  the  Organising  Committee  fcr  their 
hard  work  and  support.  Dr,  Norman  Comey  and  Dr.  John  Lancaster  of  Famborough, 
together  with  Mr.  Peter  Rolls  and  Mr.  Peter  Pinnock  of  the  printing  department 
at  Famborough,  took  the  full  load  of  converting  the  "camera-ready”  papers  into 
the  Proceedings.  All  delegates,  and  in  fact  ail  readers  of  the  Proceedings,  will 
feel  grateful  for  their  efforts.  The  Cambridge  members  of  the  Committee  have 
shared  all  the  local  organisational  work.  I  would  like  to  add  particular  thanks 
to  my  two  colleagues  in  the  Cavendish,  Dr.  David  Gorham  and  Dr.  Jchn  Matthewson 
(the  most  "local"  of  all  the  Committee  members;  and  consequently  the  first  in 
line  for  urgent  Jobs.  They  have  "battled"  with  local  printers,  checked  lists, 
sealed  envelopes  etc.  with  alacrity  and  enthusiasm.  No  organisational  work  can 
proceed  satisfactorily  without  devoted  secretarial  help,  and  the  nobla  ladies  in 
the  case  of  this  Conference  are  Mrs.  Felicity  (Flick)  Ellis  and  Mrs.  Gerle 
Lonzarlch. 


The  sponsors  for  this  Meeting  are  the  United  States  Army  and  Air  Force, 
6wv.  through  the  U.S.  Procurement  Agency,  Europe,  the  United  States  Navy  through  their 
European  Office  and  the  Ministry  of  Defence  (Procurement  Executive)  U.K.  The 
— Royal  Aircraft  Establishment ,  U.K.  took  full  respcnsibiiity  for  preparing  the 
0O  Conference  Proceedings.  All  these  sponsors  are  thanked  for  their  generosity. 
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observations  on  bobble  dynamics  :n  jet  flows  and  at  high  ambient  pressltes 


A.T.  Ellis  and  J.E.  Starrett 
University  o f  California,  San  Diego 

Recent  development  by  the  authors  of  a  unique  ruby  laser  light  source  has 
permitted  moving  pictures  of  bubble  growth  and  collapse  to  be  made  during  a 
tvo-millisecond  observation  tine  at  rates  froa  100,000  to  1,000,000  fraaes  per 
second  with  exposure  tins  of  approximately  2*10“'  seconds. 

The  coherent  nature  of  the  laser  llluainadon  revealed  shock  waves  with¬ 
out  need  for  Schlieren  techniques.  It  seeaed  quite  evident  that  bubble 
collapse  aicrojecs  rather  than  shockwaves  caused  greater  damage  to  fused 
quartz  specimens.  There  also  seeaed  to  be  damaging  jets  generated  during 
bubble  rebound. 


Since  possible  use  of  cavitation  to  assist  deep  bore  earth  drilling  has 
been  proposed,  experlaents  were  conducted  utilizing  spark  generated  cavities 
in  wacer  and  non-Newtonian  solutions  at  ambient  pressures  up  to  35  MPa 
(10,000  ft  bore-hole  depth).  Radius-time  curves  showed  fairly  good  agreement 
with  the  classical  theory  of  Lord  Rayleigh  even  above  the  22  MPa  critical 
point  for  water.  Flow  generated  cavitation  in  jets  froa  types  of  nozzles 
including  chat  of  Leach  and  Walker  were  observed. 

To  facilitate  analysis,  single  bubbles  were  generated  in  a  flow  normally 
impacting  a  solid  wall.  The  bubbles  assumed  an  elliptical  shape  near  the 
stagnation  region  and  relatively  fine  bubble  jets  were  observed  during  both 
collapse  and  rebound.  These  observations  appear  to  qualitatively  support 
earlier  theoretical  work  by  many  investigators  including  Maude  and  Ellis  [11, 
Benjamin  and  Ellis  [2],  F.P.  Bowden  [31,  Plesset  and  Chapman  [4]  and  more 
recently,  Voinov  and  Voinov  [51. 

Research  supported  by  Office  of  Naval  Research  A  National  Science  Foundation. 


HISTORICAL  BACKGROUND  AND  INTRODUCTION 

Effects  of  two  basic  phenomena  have  been 
observed  at  lease  as  long  as  the  eighteenth 
century.  Theoretical  treatment  of  cavlcaclon 
probably  began  in  1754  with  Euler  [61,  and 
the  use  of  a  hollow  explosive  charge  to  fora 
a  jet  was  mentioned  in  1792.  Theoretical  work 
on  che  explosive  "Munroe”  Jets  dates  from  the 
World  War  II  work  of  Sir  Geoffrey  Taylor  [7], 
and  othars  [8]. 

Although  cavitation  was  easily  observed 
long  ego,  the  actual  mechanics  of  bubble 
collapse  was  not,  due  to  the  high  velocities 
involved.  Theoretical  work  by  Rayleigh  [9], 
and  ochers  [10],  even  as  lata  as  chs  1960's 
was  consequently  preoccupied  with  spherically 
symmetric  bubble  collapse  and  daaage-causing 
mechanism,  but  it  has  become  increasingly 
apparanc  to  aany  investigators  chat  jets 
formed  during  cavlcaclon  bubbla  collapse  art 
probably  even  aora  daaaglng.  The  dots  con¬ 
nection,  therefore,  between  cavitation  damage 
end  "Hunroe"  jets  was  relatively  lace  la  being 
realized.  A  more  detailed  survey  of  the  work 
leading  to  this  is  aada  la  the  paper  "On  Jets 
and  Shockwaves  froa  Cavitation,"  by  A.T.  Ellis 
in  the  Proceedings  of  the  6th  Symposium  on 
Naval  Hydrodynamics,  held  in  Washington,  O.C. 
in  1966.  Briefly,  it  appears  that  the  cavi¬ 
tation  Jet  was  suspaetad  as  tarly  as  1944  [11], 
but  aceual  high-spssd  photographic  proof  was 
not  availabla  until  1958  whan  Maude  and  Ellis 
using  a  Karr  cell  camera  developed  by  Ellis  in 
1952  [12],  took  200,300  fraats  par  stcond,  0.1 


olcrosecond  exposurt  pictures  of  che  actual 
collaose  on  photneiastiesliy  sensitive  solids 
[13).  A  second-order  perturbation  theory  was 
developed  by  them  at  che  seme  time  which 
extended  che  original  first-order  theory  of 
Plesset  and  Mitchell  published  in  1956  [14]. 
Much  later  work  confirming  these  results  and 
extending  them  has  been  done  by  ochers. 

This  work,  however,  was  motivated  gener¬ 
ally  by  the  need  to  suppress  cavlcaclon  damage 
and  was  not  directed  coward  its  use  for  dril¬ 
ling  or  excavation.  This  idee  seems  to  have 
originated  with  various  Russian  workers  but 
in  recent  years  it  has  received  so  much  popu¬ 
larity  chat  the  literature  is  coo  large  to  be 
properly  referenced. 

Three  main  sources  of  literature  on  this 
subject  come  from  mceclngs  of  the  Rovai  Sociecv 
of  London  in  1965,  and  cha  British  Hydrome¬ 
chanics  Research  Aasoclaclon  in  19*2  and  again 
in  1974.  In  particular,  the  papers  of  Virgil 
Johnson  and  his  associates  at  che  letter  two 
meetings  [15],  [16]  ere  of  particular  interest 
for  che  drilling  problem.  In  their  papers, 
they  describe  operation  of  their  "cavljec" 
which  indeed  is  impressive  for  surface  drilling 
or  mining. 

It  it  felt  that  the  implications  of  the 
theory  presented  by  3enjamin  and  Ellis  [17] 
at  tha  Rovai  Sociecv  of  London  in  1965  form  a 
basis  for  the  explanation  of  the  effectiveness 
of  the  "cavljec".  The  basic  point  is  met 
rapid  deformation  of  the  cavitv  leads,  oy 
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mntua  considerations,  eo  salf-propal  cha 
cancroid  in  cha  axial,  or  naan  flow  direction. 
There  la  thus  an  additional  efface  concen¬ 
trating  energy  loco  the  jac  which  la  highly 
dependant  on  cha  cancroid  valocicy.  The 
practical  aigr.if lcance  la  ehac  bubblaa  col- 
lapaing  in  a  high-speed  flow  relacive  to  the 
surface  they  will  evencually  lapacc  ahould  be 
auch  note  damaging  than  if  they  were  collaps¬ 
ing  in  a  stationary  medium.  Perhaps  cha  flrac 
observation  of  this  was  cha  paper  by  Knapp 
[18]  in  1955  in  which  aaall  cavitation  bubblaa 
wars  carried  along  cha  boundary  of  a  larger 
"suparcavltaclng"  stationary  cavity  and  into 
the  stagnation  region  where  chair  unusually 
high  translational  valocicy  craacad  conditions 
for  heavy  damage  proportional  to  the  fifth  or 
sixch  power  of  the  valocicy.  Signif icancly, 
however,  Knapp  eacloacad  ehac  cha  fraction  of 
bubbles  which  were  effective  in  causing  daaaga 
was  vary  snail .  This  naans  chat  tha  location 
and  size  of  tha  bubble  relacive  eo  cha  surface 
co  ba  damaged  la  vary  critical. 

The  proposed  aaana  of  overcoming  chase 
difficulties  was  co  provide  a  syntax  wherein 
a  spark-generated  bubble  was  formad  in  an 
already  existing  flow  of  as  high  a  velocity  as 
possibla.  Tha  generation  point  would  not  be 
itoadlace  to  tha  solid  face  to  ba  drilled,  but 
would  ba  the  proper  distance  away  such  chat 
the  bubble  would  grow  and  start  to  collapse 
as  it  is  swept  coward  it.  When  it  reached 
tha  proper  standoff  diatanca,  another  spark 
generated  bubble  would  be  Initiated  upatreaa 
and  a  strong  shock  wave  caused  by  this  spark. 
This  shock  wave  would  propagate  downstream  to 
encounter  the  upper  surface  of  tha  previously 
generated  bubble  and  iniciaca  a  Jet  in  the 
direction  of  propagation  of  tha  shock.  This 
experiment  waa  performed  by  Ellis  and  his 
graduate  student,  Paul  Gruber,  at  Caltech  in 
1967  [19].  However,  the  shock  wave  was  gener¬ 
ated  by  a  spark  in  a  cube  over  a  rising  curved 
air-water  interface  and  the  pressures  used 
and  velocities  actained  were  low.  Tha  results 
showed  a  factor  of  approximately  3  for  tha 
redo  of  Jet  velocity  co  main  flow  velocity, 
and  this  agreed  with  cha  observations  of 
Bowden  wherein  aicrojet  velocities  of  1900 
meters  per  second  for  main  Jet  velocities  of 
630  meters  per  second  were  observed  [3]. 

SPHERICAL  BUBBLE  DT3AMICS  IS  A 

NOH-HEWTOfrIAS  LIPOID 

Tha  theory  of  spherical  bubble  growth 
and  collapse  in  an  incompressible  liquid  was 
published  by  Lord  Rayleigh  in  1917. 

If  we  include  stresses  due  to  surface 
tension,  3,  Newtonian  viscosity,  ug,  and 
non-Newtonian  fluid  stresses  based  on  the  two 
parameter  Oldroyd  model  [20]  chan  cha  bubble 
equation  developed  by  Ellis  and  Ting  [21] 
becomes 

3(R*  -  |  R2;  ♦  y 


where  is  the  ambient  pressure  far  from  the 
bubble  and  ?g  is  cha  pressure  inside  cha  bub¬ 
ble.  [n]  is  the  Intrinsic  viscosity,  C  the 
concentration,  and  X  the  "terminal  relaxation 
time"  [20]  of  diluca  polymer  solutions.  It 
may  ba  noticed  that  the  integral  representing 
non-Newtonian  effects  is  of  the  "memory"  type 
where  the  stress  depends  on  the  history  of  che 
strain  and  strain  rate  as  wall  as  its  current 
value.  In  addition  a  term  representing  the 
effect  of  non-condensable  gas  in  cha  bubble 
may  ba  Included  as  is  done  later  In  this  sec¬ 
tion.  If  terms  involving  viscosity  are 
neglected,  che  equation  becomes  the  familiar 
Rayleigh  equation. 

Fortunately,  from  che  standpoint  of  data 
raduccion  and  calculations  in  the  present 
work,  only  che  Inertial  stress  and  the  pres¬ 
sure  were  judged  to  be  significant.  This  was 
based  on  che  numerical  values  of  che  para¬ 
meters  in  tha  experiment.  It  is  helpful  to 
put  equation  (1)  in  non-dimensional  terms  co 
sea  this.  Tha  following  quantities  are  there¬ 
fore  introduced  [22]: 


g.  ± 

*o 


where  T  -  .915R 


*  4uo  i  * 


’aQC{n3  r^z t 

A  J0-T«(  t),1  R^(e)  j 


Reynolds  number,  R  • 


Webers  number,  N  -  - - 

2ct“ 


Deborah  number,  N_  -  z  and  *  indicates 


Equaclon  (3)  Chen  becomes: 

•*  V  3  'Jo  ’ 

,  iliii  j  i  +  Lxil ;  .  ri  c) 

R(c)  l  RJ(c)j 

where  che  positive  and  negative  signs  on  the 
term  on  the  rlghc  side  of  che  equation  are  for 
the  growth  and  collapse  esses,  respectively. 

Typical  values  for  che  experiments 
reported  here  are: 

Reynolds  number,  R^-60,300  to  74,300 

Deborah  number,  S^-IO  co  30. 

Tha  denominator  of  the  coefficient  of  che 
Integral  is  thus  la  the  range  1.2*10*  co 
6. 2*10' .  Experimental  data  on  che  value  of 
tha  intrinsic  voscosity,  [n],  at  our  extremely 
high  strain  rates  (13*10*)  is  unavailable,  but 
a  theoretical  treatment  by  Lumlay  [23]  indi¬ 
cates  it  may  be  very  high.  Because  of  this 
we  did  tome  experiments  with  polyethylene 
oxide  at  up  co  300  parts  per  million  bv  weight 
concentration.  No  measurable  difference  could 
be  no  deed  and  we  therefore  concluded  chac 
neglecting  it  theoretically  was  justified.  Ac 
our  Reynolds  numbers  it  was  even  more  obvious 
that  the  ordinary  Newtonian  viscosity  would 
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have  a  negligible  effect.  This  la  an  lapor- 
canc  simplifying  assumption  sloes  le  asaas 
chat  bubbls  dynamics  will  not  ba  affected  ac 
high  aabiaoc  praaauras  by  tha  vlscoaacrie 
properties  of  eha  drilling  mud. 

Tha  eff acts  of  compressibility  of  eba 
liquid  ara  also  naglaccad  as  far  as  bubble 
dynamics  ara  concerned  since  maximum  observed 
bubble  wall  velocities  were  only  about  one- 
fifth  sound  spaed  in  eha  liquid. 


that  enters  eha  cylinder  radially  ac  its 
midpoint.  Tha  feed  through  was  modified  to 
hold  a  spark  alactroda  fabricated  from  stan¬ 
dard  1/16"  diameter  choriac ao  tungsten  welding 
electrode  stock,  capered  to  a  point.  The 
grounded  electrode  is  identical  and  is  mounted 
directly  to  the  inside  wall  of  the  cylinder  at 
90°  to  the  high  voltage  electrode,  forming  a 
spark  gap  on  the  cy Under /optical  axis. 
Photographs  of  the  experimental  set  up  are 
shown  in  Figure  3  and  Figure  1. 


Measured  shock  wave  velocities  wars 
approximately  1.63  *10s  cm/ sec  compared  to  a 
sound  speed  of  1.49  x10s  cm/ sac  at  a  radius 
of  0.5  cm.  An  escimace  of  shock  pressure  ac 
this  radius  is  670  MPa  (97,000  PST).  This  is 
in  good  agreement  with  measurements  made  by 
Sandia  Corporation  hue  is  naarly  an  order  of 
magnitude  lower  than  stresses  developed  by 
the  cavitation  Jet. 


The  experimentally  observed  bubbles 
collapse  to  a  finite  volume  (typically  6Z 
of  maximum  volume)  and  rebound  indicating  the 
presence  of  non-condensible  gas  in  the  bubble 
Rayleigh  shoved  chat,  if  is  the  minimum 

volume  ratio  of  the  bubble  (R/R,,)^,  then: 


fRR  +  j  Rl] 


Equation  (3)  was  solved  numerically  by  a 
fourth  order  Runge-Kutta  technique.  The 
resulting  normalized  curves  of  R  vs.  c  ara 
shown  in  Figures  1  and  2.  Figure  1  is  the 
theoretical  Rayleigh  curve  with  n-0  for 
both  growth  and  collapse.  Figure  2. shows  the 
curves  of  Radius  (R)  and  velocity  (R)  and 
acceleration  (R)  for  collapse  of  bubbles  by 
both  the  vapor  model  (Ro)  and  Che  gas  filled 
model  (Sq)  of  equation  (3).  In  this  solution 
the  minimum  volume  of  the  bubble  was  chosen 
as  .064  V0  to  be  representative  of  the  exper¬ 
imental  data.  As  che  minimum  volume  is 
allowed  to  go  to  0  che  curve  Rg  approaches  the 
curve  Rg,  but  a  gas-filled  model  will  always 
show  a  sharp  acceleration  spike  ac  minimum 
volume  when  the  bubble  rebounds  and  is  thus 
a  fundamentally  different  solution  than  the 
vapor  model. 


It  should  be  remembered,  however,  that 
solid  wall  proximity  will  cause  a  jet  to 
form  and  cause  damage  before  minimum  volume 
is  reached  so  that  gas  concent  may  not  be  a 
large  factor  in  chat  case.  The  experimental 
bubbles  ac  high  ambient  pressure  reported 
here  were  ooc  near  a  wall  and  were  noc 
observed  to  form  Jets. 

OBSERVATION  OF  SPARK  GENERATED 

CAVITIES  AT  HIGH  PRESSURES 

The  high  speed  laser  camera  was  used  to 
obtain  photographic  histories  of  bubble  radii 
in  several  liquids  ac  amblenc  pressures  from 
1,000  to  5,000  pel  (6.39  to  34.5  MPa).  Spark 
generated  bubbles  were  created  in  a  high 
pressure  experimental  chamber  designed  and 
built  by  Sandia  Corporation,  which  was  placed 
between  che  pulse  locked  laser  and  the  camera 
lens.  The  chamber  is  cylindrical,  with  sap¬ 
phire  optical  windows  concentrically  mounted 
at  each  end  and  a  high  voltage  feed  through 


The  sparks  were  made  by  discharging  a 
1.93  ufd  capacitor  through  the  spark  gap  with 
a  7390  hydrogen  chyracron.  The  capacitor 
was  initially  charged  to  13  KV.  Typical  volt¬ 
age  and  current  waveform a  of  the  discharge 
pulse  ac  che  spark  gap  observed  with  different 
capacitors  charged  to  voltages  from  5  to  15 
KV  indicate  a  predictable  3.C.  gap  resistance 
of  about  0.10  ohms,  with  a  current  waveform 
chat  is  closely  sinusoidal  of  one-half  cycle 
and  width  of  about  5  us.  Thus  the  energy  in 
Che  spark  can  be  determined  by  measuring  che 
peak  currant  on  each  run. 

Typically  spark  energies  were  in  the 
range  of  10-20  joules  and  efficiencies  were 
in  che  range  of  10-302.  No  attempt  was  made 
in  this  study  to  optimize  the  spark  inpuc 
•naigy  or  tha  efficiency  and  the  data  do  not 
show  any  strong  correlation  beeween  energy, 
efficiency  and  pressure,  although  exception¬ 
ally  high  efficiencies  such  as  che  case  above 
seem  most  likely  to  occur  at  the  lower  pres¬ 
sures  and  lower  input  energies.  More  typical 
values  for  runs  at  all  pressures  are  closer 
to  15  joules  in  che  spark  with  an  efficiency 
of  about  15Z  resulting  in  about  2.25  Joules 
of  Pressure-Volume  energy  in  the  bubble. 

Liquids  used  for  these  experiments  were 
chosen  on  the  basis  of  optical  transparency 
for  photography  and  variation  in  physical 
properties  which  would  give  some  assurance 
chat  the  results  could  be  applied  to  drilling 
muds.  Water  was  used  as  s  standard  of  compar¬ 
ison;  che  other  liquids  were  a  mixture  of  50Z 
water,  50Z  glycerin,  and  a  mixture  of  50Z 
polymer  solution,  50Z  glycerin.  The  polymer 
solution  was  600  ppmw  Polyox  VSR  301  In  water. 
Polvox  is  a  Union  Carbide  brand  name  for  polv- 
echylene  oxide,  che  VSR  301  has  an  average 
molecular  weight  of  '.4*10*.  The  glycerin- 
water  mixture  provides  a  Newtonian  fluid  with 
a  danslcy  13Z  higher  chan  watar  and  a  viscos¬ 
ity  at  room  temperature  6.7  times  that  of 
wactr,  and  within  a  factor  of  10  of  drilling 
fluid  viscoaitiss.  The  glycerin-polyox  mix¬ 
ture  has  che  same  density  (1.13  gm/cm1)  and 
is  highly  visco-elastic.  The  shear  chinning 
behavior  of  drilling  fluids  was  noc  modeled 
experimentally,  but  since  boch  che  theory  and 
these  experiments  indicate  che  negligible 
importance  of  moderately  high  viscosity,  the 
behavior  of  decreasing  viscosity  with 
lncrsaslng  shsar  rats  will  have  no  measurable 
aff act  on  overall  bubble  dynamics. 

Data  art  shown  in  Figures  5  and  6.  They 
present  tha  daca  in  dimensionless  coordinates 
which  allows  comparison  of  bubbles  of  varying 
radii  ac  dlffsranc  pressure*.  The  reduced 
radius  Is  normalicsd  to  che  maximum  radius 
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of  cha  bubbla  and  Cha  reduced  elna  la  normal¬ 
ized  to  cha  theoretical  Rayleigh  coilapsa 
elms,  t.  Tha  expression: 

S' 

r".915Rayf,  P"Fluid  Danaley,  P* Fluid  Prasaura 

can  ba  obtained  £roa  aquation  (3)  by  solving 
for  c  aa  a  function  of  ft  and  intagrating. 

Tha  -sarlun  Radius  and  Raylalgh  ciaa  for  aach 
run,  along  with  tha  bubbla 'a  Pressure-Volume 
anargy  ara  given  in  Tab la  1.  To  giva  a 
claarar  pictura  of  how  cha  historian  vary  with 
incraaalng  prasaura,  cha  data  far  all  3 
Glycerin-Poiyox  runs  ara  prasancad  in  Flgura 
7  in  dimensional  coordinate*  of  allliaatars 
and  microseconds. 

Tha  normalized  data  can  ba  Caspar td 
diracdy  with  cha  ehaoracical  Raylalgh  curv* 
(Flgura  1)  and  with  Flgura  2  which  givas  cha 
ehaoracical  coilapsa  curves  for  boeh  vapor 
filled  theory  and  for  bubblaa  containing 
non -condensible  gas  which  causes  cha  bubblaa 
co  rebound.  Tha  rebound  portion  of  the  curve 
would  ba  cha  growth  curve  for  a  gas  flllad 
bubbla.  While  cha  true  behavior  of  cha  bub¬ 
bles  fics  naichar  of  chose  aodala  exactly, 
chay  ara  convenient  for  discussing  tha  data. 

For  all  experimental  runs,  growth  and 
coilapsa  data  tend  eo  ba  bounded  by  cha  vapor 
and  gas  curves.  In  general  growth  portions 
of  che  data  tend  co  ba  closer  co  tha  vapor 
curve  and  coilapsa  data  tend  to  ba  closer 
to  cha  gas  curve,  tn  che  denser  liquids  cha 
asyMatry  beewaan  growth  and  collapse  cands 
to  become  great at  with  lncr easing  prasaura. 
This  behavior  of  che  data  suggests  chat  a 
good  ehaoracical  aodal  for  cha  overall  bubbla 
dynamics  could  ba  developed  from  a  physical 
nodal  which  postulates  a  bubbla  containing 
both  condensible  vapor  and  non-condanslbla 
gas,  with  cha  oou-condanalbla  gas  concantracad 
in  an  expanding  core  at  cha  bubble’s  center. 
Sine*  bubbla  histories  are  short  compared  eo 
diffusion  clmas,  ie  is  unlikely  chat  the  non- 
condanslbla  gaaas  from  cha  spark  aver  become 
uniformly  distributed  in  cha  bubble.  Such  a 
aodal  is  being  developed  and  is  expected  eo 
show  cha  general  Raylalgh  Ilka  growth,  gas 
Ilka  coilapsa  behavior  seen  In  chase  axpari- 
nents.  Ie  should  ba  noticed  coo  chat  cha 
data  show  a  sharper  cusp  at  rebound  at  mini- 
aum  volume  chan  does  cha  simple  gas  filled 
aodal,  which  also  fails  co  accounc  for  energy 
loss  due  eo  shock  wav*  radiation  and  other 
effects  in  raal  bubbles  where  compressibility 
of  cha  liquid  bacoaas  important  during  cha 
last  instants  of  collapse. 

All  data  from  cha  30%  glycarln-30%  water 
runs  [Flgura  3]  show  a  good  fit  to  Raylalgh 
growth  if  cha  origin  is  shifted  and  tha  growth 
tends  eo  become  slightly  retarded  ae  increas¬ 
ing  prasaura,  requiring  a  largar  origin  shife 
for  a  vapor  fit.  Thera  is  also  a  trend  for 
cha  coilapsa  portions  of  cha  data  eo  bacons 
nor*  retarded  with  increasing  prasaura.  Thus 
cha  1,000  pal  data  ara  aa  axcallane  fit  eo  eh* 
vapor  curv*  la  both  growth  and  collapse,  while 
cha  coilapsa  data  bacons  increasingly  lika 
cha  gas  curve  at  higher  pressures.  A  notable 
exception  is  the  3,000  psl  run  tha  data  for 


which  fie  tha  Raylalgh  curve  in  boch  growth 
and  coilapsa  nearly  as  wall  as  do  cha  1,000 
psi  data. 

The  glycerin-polyox  data  [Fig.  6]  are  such 
lika  glvcarln-water  data  except  that  the 
trend  for  dynamics  cn  vary  from  vapor 
like  behavior  co  gas  like  behavior 
Is  uniform  from  7  MPa  co  33  MPa  with  no  anoma¬ 
lies  such  as  cha  run  in  glycerin-watar  at  21 
MPa.  Tha  7  MPa  Glycarin-Polyox  are  che  best 
fie  eo  a  Rayleigh  aodal  of  ail  data  with  an 
origin  shift  of  only  .02  (compare  .05-. 15) 
and  cha  data  at  35  MPa  lie  on  cha  vapor  growth 
gas  coilapsa  curve  with  an  origin  shift  of 
.15.  Ie  Is  possible  chat  che  oon-Sawtonlan 
effects  of  cha  polymer  are  responsible  for 
decreased  sensitivity  of  the  dynamics  to 
random  variations  in  che  nature  of  che  single 
spark  discharge  which  probably  account  for 
cha  somewhat  mixed  behavior  of  bubbles  in 
glycerln-waeer  ac  che  various  pressures.  It 
must  be  pointed  ouc,  howaver,  chat  chasa  dif¬ 
ferences  in  cha  data  ate  small  and  should  have 
little  effect  on  cha  damaging  capability  of 
eha  bubble. 

DAMACE  OBSERVATIONS  AT  HIGH  PRSSSTOES 

On*  inch  fused  quartz  cubes  were  instal¬ 
led  In  che  high  pressure  chamber  adjacent  co 
the  spark  gap  and  cha  high  speed  camera  was 
used  co  record  histories  of  bubbles  growing 
and  collapsing  on  a  face  of  Che  cube.  Records 
in  boch  waeer  and  che  glycerin-polyox  mixture 
confirm  chat  cha  qualitative  features  of 
bubblaa  collapsing  on  a  boundary  ac  pressures 
from  1,000  co  3,000  psl  ara  the  same  as  seen 
in  studies  ac  acmospharlc  prasaura.  Slight 
damage  to  the  cubes  can  be  seen  in  studies  at 
atmospheric  pressure.  Slight  damage  to  the 
cubes  esn  be  seen  after  only  a  few  bubbles 
have  collapsed  on  the  surface.  Exposure  to 
approxlmacley  50  bubbles  produces  extensive 
cracking  of  the  quartz  to  a  depth  of  about  .5 
cm.  A  photograph  of  che  surface  of  a  cube 
exposed  eo  about  50  bubbles  ac  Id  MPa 
ambient  pressure  is  shown  in  Figure  (8).  The 
magnification  Is  approximately  ten.  Continued 
exposure  to  collapsing  cavities  will  shacter 
che  cubes  to  destruction  after  about  100-150 
bubbles.  As  is  tha  scudlas  ac  atmospheric 
preaaure,  some  materiel  Is  actually  removed 
in  the  process,  but  for  these  brittle  mate¬ 
rials  the  greatest  damage  In  In  che  extensive 
crack  naevork  chat  davelops.  It  is  also 
observed  chat  chart  Is  a  latent  effect  in  che 
davalopmanc  of  a  crack  naevork:  che  first 
bubbles  may  have  Lietla  apparent  effect,  but 
continued  exposure  develops  che  major  cracking 
chat  can  appaar  suddanly  and  dramatically. 

OBSERVATIONS  0M  THE  LEACH  AW)  WALKER 

NOZZLE 

In  eha  course  of  observing  cavitation 
from  nozzlas  such  a*  eha  cavljac  It  was 
thought  eo  be  of  possible  Interest  eo  look  at 
the  cavleaeion  from  a  wall-known  nozzle  such 
as  the  Leach  and  Walker  design  [2*1  which  had 
a  provan  racord  of  afficlancy  for  oparacion 
la  air  at  very  high  pressure*.  It,  of  course, 
was  not,  to  our  knowledge,  designed  for  cavl- 
eaclng  operation. 
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It  was,  therefore,  mounted  la  the  blow¬ 
down  waear  cuoaal  with  a  Jac  of  10  maters  par 
sacond  submerged  la  aaaaaclally  stagnant 
waear  about  1.2  ea  from  eha  targat  wall. 

Figure  9  shows  thraa  frames  from  a  notion 
pleeura  eakaa  ac  200,000  fraaas  par  sacond 
with  eha  lasar  eaaara.  Cavitation  appaars 
vary  stringy  and  raggad  and  ehara  la  lietla 
avldanea  of  vorcax  cora  cavitation  in  this 
noxzla.  Tha  cavitation  ac  cha  bottom  of  eha 
fraaa  was  on  eha  cargat  placa  and  was  unavoid- 
abla  due  to  tha  difficulty  in  asking  cha 
Laach  and  tfalkar  nozala  cavlcaca.  Its  cavl- 
cadon  lncapcion  paraaaear  was  about  0.3  and 
lc  Is  unlikaly  chat  cavitation  conerlbueas 
to  tha  affactlvanass  of  this  nozzla  in  prac- 
cica. 

OBSERVATION  OF  BUBBLES  IS  A  STAGNATION 

FLOW 

Preliminary  studies  of  bubble  behavior 
in  a  stagnation  flow  vara  aada  in  tha  blow¬ 
down  waear  tunnel  facility.  The  tunnel  has 
a  vertical  7  cm*  7  cm  square  luciee  expari- 
aancal  section  and  provides  turbulence  free 
flows  of  uniform  velocity  profiles  up  to 
abouc  30  aecars/sac.  A  modal  was  designed 
and  installed  in  the  experimental  section 
for  tha  stagnation  flow  studies.  The  nose 
of  cha  model  is  a  flae  surface,  normal  to 
cha  flow,  abouc  2.2  ca  in  diameter,  and  has 
a  lithiua-niobace  piezoelectric  gage  Just 
under  the  flat  surface  to  detect  and  measure 
cha  stress  pulses  from  collapsing  bubbles. 
Bubbles  ara  generated  by  an  adjustable  spark 
probe  Installed  upstream  from  the  model. 

The  experimental  set  up  is  shown  in  Figures 
10  and  11.  The  flow  carries  the  spark  gener¬ 
ated  bubble  into  ehe  stagnation  region  where 
it  can  collapse  on  ehe  flat  surface. 

To  evaluate  Che  feasibility  of  using 
bubbles  to  assist  deep  drilling  it  was  felt 
that  answering  evo  questions  experimentally 
had  high  priority:  1)  could  bubbles  over¬ 
come  the  adverse  pressure  gradient  of  the 
flow  to  penetrate  the  stagnation  region  and 
collapse  on  the  surface?  2)  Would  favorable 
bubble  geometry  be  preserved  which  would 
result  in  ehe  formation  of  the  damaging  micro 
Jets  when  ehe  bubble  collapsed? 

The  answer  to  both  of  these  questions  is 
affirmative.  Flgura  12  shows  a  double  expo¬ 
sure  sequence  of  a  single  bubble  generated 
by  a  spark  on  the  axis  of  symmetry  .63  cm 
above  the  flat  surface.  The  firsc  exposure 
was  aada  200  us  after  ehe  spark  and  ehe 
second  exposure  400  us  after  ehe  spark. 

During  ehe  interval  between  the  spark  and  the 
first  exposure  ehe  average  velocity  of  ehe 
bubble  cancroid  was  415  ea/sac  end  its  aver¬ 
age  velocity  between  the  first  and  second 
exposure  is  470  cm/sec.  During  this  interval 
it  has  collapsed  to  about  402  of  its  first 
exposure  volume.  The  collapsing  bubble  is 
thus  accelerating  into  ehe  stagnation  region 
as  predicted  by  the  theory  of  Benjamin  and 
Ellis,  conserving  its  virtual  momentum  as  it 
collapses.  Other  photographs  have  shown  the 
bubbles  collapsing  on  the  surface  with 
various  combinations  of  standoff  discance  and 
tunnel  velocity,  and  these  collapees  produce 


the  characteristic  large  stress  spikes  in  the 
piezoelectric  gage.  The  geometry  of  the  bub¬ 
ble  shape  is  also  favorable.  It  is  seen  that 
the  bubble  deforms  to  an  oblate  ellipsoid. 

Its  aspect  ratio  is  1:1.16  in  the  firsc  expo¬ 
sure  and  1:1.38  in  ehe  second. 

When  Maude  and  Ellis  published  the  first 
theoretical  work  on  the  geometry  of  initially 
spherical  bubbles  collapsing  on  a  surface  in 
Che  absence  of  flow,  the  predicted  jets 
farmed  were  slower  than  would  be  expected 
from  damage  studies.  More  recently  the 
Russian  workers  Voinov  and  Voinov  [3]  showed 
theoretically  by  numerical  calculations  that 
if  Che  initial  bubble  shape  wee  an  oblace 
ellipsoid,  the  predicted  micro  jets  would 
have  extremely  high  velocities,  and  tnis  is 
chs  shape  which  is  seen  experimentally  in  the 
stagnation  flow. 

With  these  observations  It  was  felt  thee 
attention  should  be  shifted  to  the  use  of  the 
high  speed  camera.  Results  are  shown  in  a 
cinema  to  be  presented  at  this  meeting. 

DEVELOPMENT  OF  LASER  CAMERA 

To  obtain  ehe  desired  photographic 
histories  of  the  cavity  growth  and  collapse, 
a  new  high  speed  laser  camera  was  designed  to 
the  following  approximate  specifications: 

Frame  rate:  Variable  10s  to  2*10*  frames/ sec 

Exposure  time:  <30  nanoseconds 

Number  of  frames:  ^100  full  frames  or 

200  half  frames  on  ?5  mm  film 

Frame  race:  100,000  to  1,000,000  per  second 

Frame  sice:  '-2  cm 

Magnification:  Variable  1/2  Co  2 

Working  distance:  1  meter  at  maximum 

magnification. 

The  camera  consists  of  a  high  repetition 
rate  pulse  looted  ruby  laser  light  source 
which  frames  an  image  scanned  over  a  station¬ 
ary  strip  of  35  mm  film  by  a  rotating  mirror 
mounted  on  an  air  driven  turbine. 

The  laser  system  is  a  new  and  Improved 
high  oueput  version  of  a  pulse  locked  laser 
system  firsc  developed  by  a.T.  Ellis.  The 
ruby  is  a  3/ 9  inch  by  6  inches  holographic 
grade  rod  with  antiref lectively  coaced, 
normally  cut  ends.  It  is  pumped  by  two 
helical  flashlaops  In  a  reflective  aluminum 
housing. 

While  the  camera  was  built  expressly  for 
the  bubble  studies,  it  should  find  applica¬ 
tion  to  many  research  problems.  The  key  to 
its  versatility  is  the  high  intensity  of  the 
pulse  locked  laser  system  which  allows  the 
high  effective  f  number  of  the  camera  opclcs 
(f  60) .  Additional  flexibility  is  provided 
by  the  modular  design  which  is  centered  on 
the  turbine  housing,  a  strong  rigid  structure 
of  1/2  inch  aluminum  place  to  which  bolt  the 
auxiliary  mirror  housing,  lens  mount,  and 
film  quadrant:  all  of  which  ire  simple  ply¬ 
wood  structures.  Thus  modifications  can 
easily  be  made  such  as  film  quadrants  of 
different  radii,  lansas  of  iiffaranc  focal 
langtha,  incorporation  of  a  tchliaran  stop. 
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changes  1°  auxiliary  mirror  geometry ,  or 
operation  wichour  an  auxiliary  mirror  for 
a  short  focal  length  low  f  number  configura¬ 
tion  which  would  be  usaful  for  short  histories 
ac  lower  frame  raees  with  a  conventional 
lighc  source.  Transfer  lenses  could  be 
installed  in  film  quadrants  and  the  camera 
operated  as  a  3eckman-type  camera  with  a 
continuous  lighc  source,  or  at  high  frame 
races  with  the  pulse  locked  ruby  when  a  high 
intensity  coherent  light  source  is  desired. 

Photographs  of  che  camera  and  laser  head 
are  snown  in  Figures  13  and  14. 

3UMMA&Y 

The  objective  of  chis  study  was  to 
ieceraine  che  feasibility  of  a  new  method  for 
high-speed  drilling  of  deep  holes  to  permit 
more  rapid  and  economical  utilization  of  geo- 
cnermal  energy  and  pecroleum  resources.  The 
method  consisted  of  generating  an  electrical 
spark  in  drilling  liquid  and  utilizing  the 
hign  velocity  jets  and  shock  waves  from  che 
collapsing  cavity  to  fractura  rock  then  rsly 
on  the  spark  generated  shock  wave  alone  as  had 
been  investigated  by  others.  This  completely 
new  approach  required  unavailable  basic 
observations  on  bubble  dynamics  ac  high 
ambient  prassurei  in  order  to  establish  a 
reliable  mathematical  theory  for  future 
design.  Camp  lace  bubble  lifetimes  as  short 
as  33  millionths  of  a  second  mandated  the 
Concepcion  and  development  oc  a  new  ruby  laser 
lighc  source  and  camera.  Although  a  consider¬ 
able  porlton  of  project  time  was  rsqulred. 
this  system  as  an  abaoluca  necessity  for 
cooplscion  of  che  project  and  is  currently 
unique.  Typically,  100  photographs  at  3 
microsecond  intervals  and  20  nanosecond  expo¬ 
sure  times  were  used  for  data  acquisition. 

A  narrow  band  light  filter  cogecher  with  che 
optically  coherent  illumination  revealed 
details  of  shock  wave  propagation  and 
cavity  geometry  during  the  actual  spark 
discharge  which  lasted  for  che  first  3  micro¬ 
seconds. 

dome  principal  findings  sre: 

1.  Damage  to  the  solid  occurs  at  bubble 
collpase  and  not  from  che  spark  generated 
shock  waves. 

1.  bubble  dynamics  agree  with  theory 
developed  end  may  be  predicted  even  at  high 
amoienc  pressures  above  the  critical  point 
C2  MPa  for  water).  (Observed  to  35  MPa). 

3.  Inertial  effects  override  the  effects 
of  viscosity  end  viscoelasticity  on  bubble 
dynamics  end  therefore  existing  drilling  muds 
should  not  be  less  damaging  chan  water. 

Their  higher  density  should  make  then  more 
damaging) .  Experimental  observations  which 
support  chis  conclusion  were  made  for  30T 
glycerine-water  mixtures  as  well  as  polymer 
solutions. 

Photographs  of  shock  waves  incident 
cubbies  show  that  there  Is  negligible  s'. 
op.  the  bubble  for  the  short  duraeion  of  the 


shock.  This  contradicts  ideas  prevalent 
before  chis  work  was  done  but  simplified 
theoretical  predictions.  The  work  coes  snow 
longer  time  pressure  oscillations  in  the  simu¬ 
lated  borehole  which  could  help  maintain  cavi¬ 
tation. 

5.  Measurements  show  about  13*  of  electrical 
energy  in  the  spark  being  recovered  aa  bubble 
(?V)  energy.  This  was  essentially  independent 
of  aabienc  pressure  measures  to  5,000  psi) . 

6.  The  pressure  gradients  in  a  stagnation 
flow  which  would  be  encountered  in  che  jet 
from  a  drill  bit  nozzle  have  a  favorable 
effect  on  bubble  geometry  and  should  enhar.ee 
the  damage  capability  of  the  collapsing  cavi¬ 
ties  ■ 

*.  This  study  shows  che  introduction  of 
cavities  into  drilling  fluid  will  proauce 
desirable  increases  of  rock  fracture  even 
ac  high  ambient  pressure.  This  was  a  me: or 
unresolved  question  before  this  project  was 
completed . 

3.  It  was  found  chat  che  eleccrlcel  energy 
must  be  introduced  in  a  short  time  relative 
to  bubble  lifetimes  in  order  to  produce  an 
effective  collapse.  At  5,300  psi  che  5  micro¬ 
second  duration  of  che  discherge  was  already 
becoming  too  Iona  for  the  25  microsecond 
lifetime. 

aECOMME.-PATTO?: 

Cavitation  introduced  into  drilling  fluid 
will  substantially  assis  existing  drill  bees 
but  possible  methods  of  generating  cavitation 
by  utilizing  flow  energy  from  the  auo  pumps 
should  be  thoroughly  investigated  at  high 
ambient  pressures  before  any  more  effort  is 
put  into  che  spark  generating  method.  The 
spark  method  has  proved  useful  as  a  laboratory 
means  of  checking  caviracion  theory  but  there 
exisc  major  technical  difficulties  recurring 
major  engineering  effort  before  field  use 
could  be  accomplisned. 
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Dimensionless  Force  and  Virtual  Momentum 
Bubble  7  . . 
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Impulse  to  the  boundary  from  an  imploding 


lapse  if  manifested  as  vortlelty  In  the  fluid.  The  bubble  folds  ii 


the  unit  dynamically  balanced  ae  a  whole.  The  position  of  the  mirror  complex  end  due  In  pert  to  jete  end  in  pert  to  shockwave*.  Further- 


pUcttiwola  art  measured  on  a  precision  measuring  microscope. 


by  frame.  Hlatorlea  obtained  without  operating  the  water  tunnel  allow 
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Which  It  «d.rgo..;  but  «Uk.  1  th.  Initial  .park  atandoff  1.  more  thln  •ho<:lt  ’•*»«*  from  the  *nt,r*  of  ,h*  *>«ctrodee. 

than  on.  maximum  radio,  from  th.  boundary  and  eo  No.  3  better  Bubble  3-  iteelf'  »•  fir,t  ,eeo  io  ,he  M,rt  5  u*  lnto  “*  Il,e- 


upward  acceleration.  Like  Bubble  1,  Bubble  4'a  final  acceleration  bubble  maintains  a  high  degree  of  symmetry,  assuming  a  character- 


•(•(nation  flow.  Having  moved  steadily  toward  the  boundary  at  i  relatively  meaner  cavitation  evident  in  the  polymer  solution  in  Fi*- 


•hows  are  faired  through  all  the  experimental  point*.  With  the  excep-  Figure  J.  10.  which  i*  computed  from  equation  (2.  I),  give*  the 


Bubble  5,  maintains  both  symmetry  and  constant  centroid  velocity 


troid,  and  la  found  from  the  Bernoulli  equation,  equation  (2.  1), 
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then  the  Image  of  this  system  In 


He  tiled  •  atmple  derivation  baled  on  energy  con- 
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only  indicator  th«  direction  of  final  acceleration  and  la 
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FIGURE  2.3  MODEL  IN  WORKING  SECTION 
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FIGURE  3.3  BUBBLE  3  COMPLETE  CINE  HISTORY 


FIGURE  3.4  BUBBLE  4  COLLAPSE  CINE  SEQUENCE  FIGURE  3.5  BUBBLE  5  COLLAPSE  CINE  SEQUENCE 


FIGURE  3.7  BUBBLE  7  MOTION  HISTORY 
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